The formation energies and transition energies of intrinsic donor-like defects and various extrinsic impurities have been studied by first-principles calculations based on hybrid density functional theory, with the aim of exploring the sources of n-type conductivity in GaInO3. Our calculated results show that oxygen vacancies are deep donors; while interstitial Ga and In are shallow donors but with rather high formation energies (>2.5 eV). Thus they are not the origin of n-type conductivity. Instead, the substitutional Sn and Ge, and H, also the interstitial H impurities act as shallow donors with low formation energies. The substitutional N act as a compensating center in n-type GaInO3.
I. INTRODUCTION
Transparent conducting oxides (TCOs) are unique materials which combine concomitant electrical conductivity and optical transparency in a single material. Thus they currently play an important role in a wide range of optoelectronic devices, such as solar cells, flat panel displays and light emitting diodes.
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The ideal TCOs should have a carrier concentration on the order of 10 and a band-gap energy above 3.1 eV to ensure transparency to visible light.
Recently, multicomponent oxide semiconductors have been attracting much attention as new TCOs. [8] [9] [10] [11] . Monoclinic GaInO 3 is a promising TCO due to its excellent optical transmission characteristics.
12-15
For example, it shows very low optical absorption coefficients on the order of a few hundreds cm −1 which is significantly lower than that of ITO, ZnO:Al or SnO 2 :F in the visible region. It has a refractive index of around 1.65 which is well match to the index of refraction of glass (∼1.5). Its experimental band-gap is about 3.4 eV. Additionally, it can be well coated on transparent substrate such as glass, fused silica, plastic, and semiconductors. Even in its polycrystalline sample, the resistivity is comparable to conventional wide-band-gap transparent conductors such as indium tin oxide, while exhibiting superior light transmission, particularly in the blue wave length region of the visible spectrum. It has potential in the fabrication of flat panel displays due to the enhanced index matching with typical glass substrates.
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The high quality n-type GaInO 3 with conductivities of over 300 (Ω·cm) −1 by doping Ge and/or Sn has been experimentally synthesized by Phillips and Minami et al. respectively.
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They also observed that the carrier concentration is found to vary strongly with oxygen partial p(O 2 ) and concluded that the oxygen vacancy (V O ) might be play a key role as a native donor-like defect in n-type GaInO 3 . However, it was generally accepted that V O cannot produce free electrons due to their deep donor levels although the presence of significant concentrations in many TCOs, such as in ZnO, [16] [17] [18] SnO 2
19
, In 2 O 3
20
. In contrast, the ubiquitous H impurities might be responsible for the unintentional n-type conductivity in these materials.
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Despite the extremely high ntype conductivity in GaInO 3 , to date, the electron conductivity mechanism is still unclear. Thus, an atomistic detailed understanding of the donor-like native and extrinsic defects possibly forming in GaInO 3 is necessary. The structural, bonding, electronic and optical properties of GaInO 3 have been investigated by first-principles calculations in our previous studies.
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In this study, we investigated the formation energies and transition levels for both intrinsic and extrinsic defects which might be responsible for the n-type conductivity based on the hybrid density functional theory.
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The recent development of hybrid density functional theory can correct the band gap, [33] [34] [35] and provide more reliable description of transition levels and formation energies of defects in semiconductors.
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We demonstrated that (i) the substitutional Sn, Ge, H as well as interstitial H impurities act as shallow donors with low formation energies, and thus contribute to n-type conductivity, instead of the native donor-like defects; (ii) the substitutional N on O site acts as a compensating center in ntype GaInO 3 . The remainder of this paper is organized as follows. In Sec. II, the details of the methodology and computational details are described. Sec. III presents our calculated formation energies and transition energies of various defects in GaInO 3 . Finally, a short summary is given in Sec. IV.
II. METHODS
All calculations were based on spin-polarized KohnSham theory with the hybrid density functional as proposed by Heyd, Scuseria, and Ernzerhof (HSE) 32 and the projector augmented wave (PAW) 36, 37 as implemented in the VASP code. were chosen so as to reproduce the experimental band gap of GaInO 3 . The semicore d electrons of both Ga and In atoms were treated as core electrons. Test calculations show that the calculated formation energies of defects differ by less 0.1 eV/atom than those of the corresponding configurations in which these d electrons were included as valence electrons.
Similar to β-Ga 2 O 3 , the monoclinic structure (with c2/m space group) of GaInO 3 is characterized by four lattice parameters: three vectors (a, b and c) and the angle between the a and c (β).
12,13,26
Our previous studies predicted that the a, b, c and β are 12.96 Å, 3.20 Å, 6.01 Å and 77.89
• respectively, with a formation energy of -8.43 eV per formula unit.
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All the Ga (In) atoms site tetrahedrally (octahedrally) coordinated; We denote three nonequivalent O atoms as O(i), O(ii) and O(iii) respectively. The O(i) is threefold coordinated surrounded by two In and one Ga atoms. The O(ii) is also threefold coordinated surrounded by one In and two Ga atom. While the O(iii) is fourfold coordinated surrounded by three In and one Ga atoms. A more detailed discussion of the structural and electronic properties of GaInO 3 is give in our previous studies.
The defect systems were modeled by adding (removing) an atom to (from) in a 1×4×2 supercell consisting of 160 atoms. A cutoff of 400 eV was chosen for the planewave basis set. The integrations over the Brillouin zone were performed using 2×2×2 k-point mesh generated by Monkhorst-Pack scheme.
42
The internal coordinates in the defect supercells were relaxed to reduce the residual force to less than 0.02 eV·Å -1
. The donor-like native defects, such as oxygen vacancy (V O ), both interstitial Ga (Ga i ) and In (In i ) atoms were investigated. In addition, H, Ge, Sn and N impurities which are ubiquitous or purposeful to introduce during the GaInO 3 synthesis process were also considered in our current studies. There are sever possible interstitial sites due to the low symmetry of monoclinic structure. Here we adopted the lowest-energy configuration in the β-Ga 2 O 3 detailed discussed in the previous studies.
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In the charged-defect calculations, a uniform background charge was added to keep the global charge neutrality of supercell. The formation energy of a charged defect was defined as:
where E tot (α, q) and E tot (host, 0) are the total energies of the supercells with and without defect α. n α is the number atoms of species α added to (n α >0) or and removed from (n α <0) the perfect supercell to create the defect. µ 
of bulk GaInO 3 . Therefore, the electron chemical potential varies between zero and the band-gap E g of host. The final term accounts for both the alignment of the electrostatic potential between the bulk and defective charged supercells, as well as finite-size effects resulting from the long-range Coulomb interaction of charged defects in a homogeneous neutralizing background, as outlined by Freysoldt et al.
44
, using a calculated dielectric constant of 10.2.
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The chemical potential µ α depends on the experimental conditions during growth or annealing, i.e., ranging from O-rich to O-poor poor conditions. The chemical potentials of Ga, In and O atoms are subject to their lower bounds satisfied by the constraint µ Ga +µ In +3µ O =∆H f (GaInO 3 ), where ∆H f (GaInO 3 ) is the formation energy of GaInO 3 . They are subject to the upper bounds µ O ≤0 (O-rich limit), and µ Ga ≤0 as well as µ In ≤0 (O-poor limit). In addition, we have examined In 2 O 3 and Ga 2 O 3 as limiting phases and found that these do not affect our conclusions.
For the extrinsic impurity A, µ A is limited by the formation of its solid elemental (gaseous) phase. Additionally, µ A and µ O are limited by the formation of secondary phases A m O n ,
We take the substitutional Sn for In site as an example, to avoid the formation of secondary phase SnO 2 , µ Sn +2µ O ≤ ∆H f (SnO 2 ). The O-poor limit (supposing that both In and Sn are rich) is characterized by µ In =0, µ O = 1 3 ∆H f (GaInO 3 ), and µ Sn <∆H f (SnO 2 )-2 3 ∆H f (GaInO 3 ) as well as µ Sn <0 (to avoid the segregation of α-Sn); while the O-rich limit is characterized by µ O =0, µ In =∆H f (GaInO 3 ), and µ Sn <∆H f (SnO 2 ) as well as µ Sn <0. It is worth mentioning that HSE06 calculated formation energies of these complexes depend on the HF mixing parameter α, for example, our calculations show that the HSE06 (α=28%) gives a value of -7.30 eV for ∆H f (In 2 O 3 ) ; while we have shown that the HSE06 (α=32%) predicts the value of -9.53 eV in our previous studies.
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The latter is quite with the experimental data of -9.60 eV. 46 Thus, the experimental formation energies of these complexes if available, together with the HSE06 (α=28%) calculated µ 0 α were adopted to determine the stability of defects under all growth conditions. In other words, the absolute chemical potential µ is defined as the Fermi-level position for which the formation energies of these charge states are equal for the same defect
III. RESULTS AND DISCUSSION
The calculated formation energies for native donor-like defects, i.e., V O , Ga i and In i , are shown in Fig. 1 . The transition levels ǫ(+2/0) of V O are located around 1.2-1.6 eV below CBM. This suggests that V O acts as deep donor, and thus it cannot be a source of the observed ntype conductivity in GaInO 3 . For the Fermi level (E F ) near VBM, V O are stable in the +2 charge state and in the the charge-neutral state for the E F above 2.2 eV. Note that the 1+ charge state is not stable for any E F position. The origin of this negative-U behavior lies in the large differences in local lattice relaxations for different charge states. The formation energies and transition energies of oxygen vacancies on three nonequivalent O sites are lightly different due to their distinct local surroundings. One can find that the oxygen vacancy on the O(iii) site, henceforth labelled as V O(iii) , is the most favorable configuration with a little deeper level of 1.6 eV below CBM. The behavior of the remaining V O(i) and V O(ii) is almost indistinguishable. The results on oxygen vacancies are similar to those obtained for β-Ga 2 O 3 .
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It is found that both Ga i and In i act as shallow donors with ǫ(+1/0) ionization energies of around 0.1 eV and 0.2 eV above CBM respectively. However, their formation energies are more than 2.5 eV even under n-type conditions, in the most favorable O-poor limit. This implies that the concentration of Ga i and In i should be negligible under equilibrium growth conditions. Therefore native donorlike defects cannot be the origin of n-type conductivity in GaInO 3 . As for the extrinsic impurities, previous experimental findings show that Sn and Ge prefer the substitution of In and Ga respectively.
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The reason is attributed to close ionic radiuses of Sn with In and Ge with Ga. The calculated shallowest transition levels are ǫ(+1/0)=3.4 eV for Ge Ga and ǫ(+1/0)=3.5 eV for Sn In , lying just above CBM. This implies that the substitutional Sn and Ge, especially Sn with formation energy of around -1.5 eV under n-type and O-rich conditions, are high effective donor dopants. Our findings are in good agreement with experiments which indicate that both In and Ge significantly enhance the n-conductivity in GaInO 3 samples.
One can find that the transition energies ǫ(0/-1) of N defects on three nonequivalent O sites are higher than 1.5 eV above VBM. Cleary, N O is a deep acceptor and will not enable hole conductivity in GaInO 3 . A very similar behavior has been reported for the N dopant in ZnO. 47 However, for E F near the CBM, N O defects are stable in the -1 charge state with calculated formation energies of ∼1.0 eV. We expect N O to be a possible source of compensation in n-type GaInO 3 . This might explain the experimentally observed decrease of conductivity when the samples were annealed in N 2 . On the other hand, N i is always neutral state with rather high formation energy of 6.5 eV, regardless of the position of E F . This indicates that the concentration of N i should be negligible under equilibrium conditions.
As an ubiquitous impurity, hydrogen strongly affects the electronic and structural properties of semiconducting or insulating materials. Both interstitial H and substitutional H in O site were considered in the present work. As shown in Fig. 2 , it is found that H O with different configuration are shallow donors with the (+/0) thermodynamic transition levels very close to CBM. Their formation energies are higher under O-poor conditions than under O-rich conditions, implying that the concentration of H O will increase with the decrease of oxygen partial p(O 2 ) 13, 14 This is the reason why the electrical conductivity of GaInO 3 is enhanced under oxygen reducing environments due to the filling of H on oxygen vacancy sites, also can explain the post growth anneal in H 2 can help to reduce the resistivity of samples.
One can note that the interstitial H is energetically more stable than the substiituonal H, yielding a transition level (+/0)=3.5 eV, just above CBM. Thus, the interstitial hydrogen also behaves exclusively as a shallow donor for any E F value ranging from VBM to CBM in GaInO 3 .
IV. SUMMARY
In summary, we have explored the behaviors of native donor-like defects and possible extrinsic impurities which are ubiquitous or purposeful to introduce during the GaInO 3 synthesis process. We found that both oxygen vacancies and interstitial Ga as well as interstitial In cannot contribute to n-type conductivity, since they are either deep donors or have the negligible concentrations. Contrarily, our results suggest that H in substitutional and interstitial configurations, Ge and Sn on cation sites act as shallow donors with low formation energies, and are most likely source of n-type charge carriers observed in the experiments. Additionally, it is expected that the substitutional N might act as a compensating center in n-type GaInO 3 .
